The structure of the adult skeleton is determined, in large part, by its genome. Whether genetic variations may influence the effectiveness of interventions to combat skeletal diseases remains unknown. The differential response of trabecular bone to an anabolic (low-level mechanical vibration) and a catabolic (disuse) mechanical stimulus were evaluated in three strains of adult mice. In low bone-mineral-density C57BL/6J mice, the low-level mechanical signal caused significantly larger bone formation rates (BFR) in the proximal tibia, but the removal of functional weight bearing did not significantly alter BFR. In mid-density BALB/cByJ mice, mechanical stimulation also increased BFR, whereas disuse significantly decreased BFR. In contrast, neither anabolic nor catabolic mechanical signals influenced any index of bone formation in high-density C3H/HeJ mice. Together, data from this study indicate that the sensitivity of trabecular tissue to both anabolic and catabolic stimuli is influenced by the genome. Extrapolated to humans, these results may explain in part why prophylaxes for low bone mass are not universally effective, yet also indicate that there may be a genotypic indication of people who are at reduced risk of suffering from bone loss.
T he two most obvious means for preventing osteoporosis are to begin with a structurally sound skeleton and to minimize bone loss at later stages of life. The success of such strategies is influenced by genetic makeup, because 60-80% of individual variation in peak bone mass has been shown to be heritable (1) . For example, polymorphisms in several genes have been correlated with peak bone mass and the incidence of osteoporosis, including the gene for transforming growth factor beta, the vitamin D receptor, and the estrogen receptor alpha (2) (3) (4) (5) (6) (7) . Further, compared with Caucasian women, the higher bone-mineral density (BMD) at skeletal maturity measured in African American women combined with their lower rates of postmenopausal bone loss result in an approximately 50% lower incidence of osteoporosis in this cohort (8) (9) (10) . Despite the clear impact of subtle genotypic variations on achieving and retaining bone quantity and quality, it is not yet clear whether the genome also influences how an individual may respond to treatment of the disease. This point is particularly important given the increasing availability of both antiresorptive and anabolic therapies for osteoporosis (11) ; it is entirely possible that the makeup of an individual's genome will directly influence the efficacy of these interventions to prevent or reverse bone loss with aging or the menopause. Considering the soon-to-be realized capacity to tailor treatment regimens to an individual's genetic makeup (1) , identifying and understanding the effect of these subtle genetic variations becomes even more critical.
Genetic heterogeneity in humans, even within a given race, is reflected in substantial differences in body size and shape, peak bone mass, and rates of fracture due to osteoporosis (12) . Consequently, it is difficult to separate environmental from genetic effects on treatment outcomes. Inbred mouse strains with distinct bone phenotypes provide an effective system to establish the degree to which anabolic or catabolic stimuli can modulate bone mass and morphology. Several of these inbred mouse strains, despite similar levels of body mass, exhibit greatly different levels of bone mineral density, with the femur ranging from a relatively low BMD of 0.45 mg/mm 3 in C57BL/6J (B6) mice, to BALB/cByJ (BALB) mice, which are 20% higher (0.55 mg/mm 3 ) , and finally to the high BMD C3H/HeJ (C3H) mice, which are more than 50% higher (0.69 mg/mm 3 ) than the B6 mice (13) . These strain-specific variations in bone quantity are reflected in distinct differences in the architecture of both cortical and trabecular bone (Fig. 1) . Like humans, the mouse data support a clear influence of the genome on bone mass. But, like the human, it is as yet unclear whether these subtle variations influence the sensitivity of the bone to catabolic pressures towards osteoporosis, or the potential of anabolic therapies to curb this bone loss.
Current strategies to treat low BMD have focused on pharmacological interventions. Although some of these interventions have had moderate success in decreasing fracture rates due to osteoporosis (14) (15) (16) , most of the therapies approved by the U.S. Food and Drug Administration work by inhibiting resorptive activity and fail to recover the suppressed bone formation rates necessary to normalize bone remodeling activity. In contrast, mechanical signals, such as those that arise with exercise, not only suppress osteoclast formation but also stimulate osteoblast activity (17, 18) . It has been presumed that forces must be of sufficient magnitude to elicit bone strains in excess of 1000 microstrain in order to be anabolic, thus diminishing the popularity and/or acceptance of high-impact exercise as a reasonable means to treat osteoporosis. Departing from the tenet that mechanical stimuli must be large to be anabolic, we have demonstrated that extremely low level (<5 µε), high frequency (>20 Hz) mechanical stimuli can stimulate bone formation (19) , as well as enhance bone quantity (BMD) and quality (stiffness and strength) (20) . In this study, similar low-magnitude, high-frequency signals were used to determine whether different strains of mice were differentially sensitive to their anabolic potential. Furthermore, the skeleton will also adapt to the removal of its mechanical environment, such as will occur in spaceflight, bed rest, and/or cast immobilization; and the increase in bone resorption, together with a decrease in formation, will ultimately result in osteoporosis (21) . Both the severity of bone loss in response to decreased mechanical demand, as well as the gain of bone mass in response to exercise interventions, is associated with a tremendous individual variation in humans (22, 23) . With clear evidence that the skeleton will rapidly adapt to both anabolic and catabolic factors, we hypothesized that genetic variability resulting in differences in bone mass and morphology associated with these strains would also lead to a differential adaptive response to altered levels of mechanical stimuli.
MATERIAL AND METHODS

Experimental Design
All procedures were reviewed and approved by the university committee on animal use. Three strains of mice, C57BL/6J (B6), BALB/cByJ (BALB), and C3H/HeJ (C3H), all female and 16 weeks of age, were used in this study. At 16 weeks of age, acquisition of bone mineral in the appendicular skeleton is, in essence, completed in these strains of mice (13) . Each animal was assigned to one of three groups; age-matched control (n=8, n=9, and n=10 for B6, BALB, and C3H, respectively), mechanically stimulated (n=8, n=9, and n=11), and disuse (n=8, n=9, and n=12). Additional baseline control animals from each strain were killed within 2 days of the start of the experimental period as means of establishing baseline status of bone mass and morphology (n=5, n=6, n=5). All mice were housed individually in standard cages (28 ×17 × 13 cm) and were given free access to rodent chow (autoclaved diet NIH-31 with 6% fat, 18% protein, Ca:P 1:1, vitamin and mineral fortified) and tap water. To enable measurement of dynamic indices of bone formation, BALB mice were injected (i.p.) with calcein (10 mg/kg) on days 10 and 20, and B6 and C3H mice were injected on days 7 and 14, with day 1 as the first day of the protocol. Mice were killed 48 h after the second calcein injection, resulting in 15-day and 21-day protocols for BALB and B6 and C3H mice, respectively. After killing, right tibiae and femurs were harvested and preserved in 70% EtOH.
Mechanical Loading and Disuse
Mechanical stimulation of animals was achieved by placing the mouse, while still in its cage (bedding removed), directly on a plate, which oscillated at 45 Hz for 10 min/day Using an accelerometer attached to the plate, a low-force (18 N), but highly linear, moving coil actuator (24) produced a sinusoidal vertical movement of the plate calibrated for a maximal acceleration of 0.25g (1g = 9.8 m·s -2 = Earth's gravitational field). The level of vibration used in this study can barely be perceived by human hands placed on the surface of the plate and induces strains in weight-bearing bones of less than 5 microstrain (25) . Disuse in mice was achieved by hind-limb elevation via tail suspension, adapting the well-established rat-tail suspension model (26) .
Static and Dynamic Histomorphometry
The right proximal tibia of each mouse was embedded in methyl-methacrylate (MMA; Fisher Scientific, Fair Lawn, NJ) by using a three-step protocol (27) . After trimming the plastic blocks, a 7-µm-thick frontal section from the central tibia was cut with a microtome (Reichert-Jung, Model K, Heidelberg, Germany). An epifluorescent microscope (×20) was used to evaluate the trabecular bone of the proximal tibial metaphysis over an area enclosed by parallel lines, 400 µm and 1000 µm distal to the growth plate. Twelve adjacent squares, each 0.4 mm 2 , were captured by a video camera interfaced with a digitizing pad (CalComp, Anaheim, CA) and a PC. Fluorescent labels and bone surfaces were traced, and histomorphometry software (OsteoMetrics Inc., Atlanta, GA) was used to determine static and dynamic indices of bone formation. Trabecular bone formation rate (BFR), with bone surface (BS), bone volume (BV), or tissue volume (TV) as referent, were calculated. Bone formation rates are expressed most commonly as BFR/BS. In the healthy adult skeleton, BFR/BV is typically an indicator of bone turnover, but has also been used to describe bone formation rates when the remodeling balance is shifted towards bone formation or resorption. BFR/TV is a less common measure of bone formation rates, yet may be a useful parameter to consider when bone specific referents, such as BS and BV, significantly change their magnitude during the experimental protocol. Additionally, the percentage of both double-labeled (dLS/BS) and single-labeled (sLS/BS) bone surfaces, mineral apposition rate (MAR), bone-volume fraction (BV/TV), trabecular thickness (Tb.Th), and trabecular number (Tb.N, mean number of elements per unit length) were determined as previously described (28) .
Each section was analyzed twice, and the average of the two evaluations was used. All analyses were performed with the operator blinded to the identity of the sections. Trabecular bone sections that failed to display double labels anywhere within the entire tibial section, indicating that one of the fluorescent label injections was not absorbed, were removed from the analyses concerning dynamic but not static indices. This included one control BALB, as well as one control and two mechanically stimulated C3H mice.
Finally, to visualize differences in bone mass and architecture between strains, we scanned the right distal femur of one age-matched control mouse from each strain with a micro computed tomography (µCT) scanner (Scanco 20, Zurich, Switzerland). We used an 11-µm voxel size.
Statistics
A one-way ANOVA followed by a Dunnet post-hoc test were used to compare histomorphometric indices of mechanically stimulated and disuse groups to the control group within each strain of mice. Body mass as well as bone indices of control mice from the three strains were compared with each other with a Tukey post-hoc test. A two-way ANOVA tested for main effects and interactions of the two factors, genetic variations, and variations in the induced mechanical environment. We performed all data analysis by using the statistical software package SPSS for Windows 9.0. (SPSS Inc., Chicago, IL). The significance level was 0.05, and all data were presented as mean ± SD. RESULTS BALB mice pooled across the experimental groups at baseline were significantly heavier than B6 (9%, P<0.001) and C3H (10%, P<0.001) mice at 16 weeks of age; however, there were no significant differences in initial or final body mass between the different experimental groups within each strain of mice (Table 1) . Structural trabecular bone properties differed significantly between age-matched control mice of all strains. Compared with B6 mice, BV/TV of BALB and C3H mice was threefold (P<0.001) and fivefold (P<0.001) larger (Table 1 ; Fig. 1 ), whereas trabecular thickness was 48% (132%) greater in BALB (C3H) mice and trabecular number was 128% (105%) greater than in B6 mice (Table 1) . Tibial trabecular bone formation rates (BFR/BS) did not differ significantly among the three age-matched control groups. In contrast, bone turnover (BFR/BV) of B6 mice was 52% (P=0.07) and 107% (P<0.005) greater than those of their BALB and C3H counterparts ( Table 2 ).
Bone formation rates with tissue volume as referent (BFR/TV) of mechanically stimulated low BMD B6 mice were 69% greater (P<0.04) than BFR/TV of intra-strain control mice (Table 2) . Despite the brief length of the intervention, the higher trabecular bone formation rates coincided with a 85% (P<0.01) larger bone volume (BV/TV) and 50% larger trabecular thickness (P<0.009) in vibrated mice ( Fig. 2; Table 1 ). When bone formation rates were calculated with either BV or BS as referent, the larger bone volume fraction (and bone surface) negated the larger BFR/TV, which resulted in no significant differences in BFR/BS and BFR/BV between mechanically stimulated and control B6 mice ( Table 2) . Disuse failed to affect static and dynamic histomorphometric indices in B6 mice (Table 1, 2) .
In BALB mice, mechanical stimulation increased BFR/BS by 32% (P<0.04), BFR/BV by 34% (P<0.02), but bone structural indices, including BV/TV, were unaffected (Table 1, 2; Fig. 2-4) . The increase in bone formation rates was achieved primarily by an increase in double labeled surfaces (dLS/BS) (+56%, P<0.01) rather than by increased MAR. Disuse in BALB mice suppressed BFR/BS by 55% (P<0.02), BFR/BV by 48% (0.002), dLS/BS by 46% (P<0.04), and mineral apposition rates by 45% (P<0.001), contributing to a 43% (P<0.007) reduction in trabecular bone volume compared with control BALB's (Table 1, 2; Fig. 2-4) . In contrast to the responsiveness of the skeleton of B6 and BALB mice, no significant effects of mechanical stimulation or disuse were measured in tibial trabecular bone of C3H mice (Table 1 , 2). In the two-factor ANOVA, the interaction of genetic variations (different strains of mice) with different levels of mechanical stimuli (control, mechanical stimulation, or disuse) was statistically significant only for dLS/BS (P<0.02), MAR (P<0.002), and BFR/BV (P<0.02), indicating that the effects of the altered mechanical environments were consistent mostly among the three strains of mice, although the effect-size depended greatly on genetic makeup.
DISCUSSION
These data indicate the strong influence of genetic variability, not only on trabecular bone structure but also on the plasticity of trabecular bone to both anabolic and catabolic mechanical stimuli. The low-level mechanical stimuli superimposed on normal daily activities for 10 min/day were highly anabolic in the proximal tibia of both B6 and BALB mice, whereas no significant effect of this specific stimulus was detected in the high bone-density C3H mice. Disuse suppressed bone formation rates and bone volume in BALB mice but failed to significantly influence bone's formative response in the other two strains-one of lower bone density, the other higher. Extrapolating these results to the human skeleton may provide insight into the inconsistent efficacy of treatment regimens, as well as into the individual variation in the pathogenesis of disuse osteoporosis. This study also suggests that some people who benefit from a genetically predetermined higher bone mass, as well as slower rates of bone turnover (and thus slower rates of bone loss), may also have a differential sensitivity to increases or decreases in exogenous stimuli, thus reducing the effect of age, disuse, or menopause induced uncoupling of bone formation and resorption. African American women who have a higher bone mineral density also have a slower rate of postmenopausal bone loss than do Caucasian women (8) , attributes that result in osteoporotic fracture rates one-half that of Caucasian women (9) . It has been proposed that the higher levels of BMD in young adult African Americans is a result not only of a genetically predetermined higher baseline, but also of an adaptive response to increased force magnitudes associated with a larger body mass (29) . Subsequent comparisons of spinal bone-mineral density between Caucasian and African American women, however, suggest that the difference in BMD cannot be explained by body mass; African American women had a higher bone mineral density even at the same body mass (8) . In light of our data, the skeleton of Caucasian women is perhaps more prone to osteoporosis, but it may also be more sensitive to interventions aiming at prohibiting further bone loss.
Preliminary results from a prospective, randomized, double blind, placebo-controlled clinical trial to test the ability of this low-magnitude, high-frequency mechanical stimulation to inhibit postmenopausal bone loss lend further support to the interdependence of high BMD and unresponsiveness of the skeleton (30) . Postmenopausal women were subjected to mechanical loading of the lower appendicular and axial skeleton for two 10-min periods/day via floormounted devices or were not loaded, via placebo devices (n=28 each). Stratified for initial BMD at the beginning of the study, women using a placebo device with a low BMD lost 2.5% (± 0.6) of spinal BMD over the course of the year, whereas the corresponding group exposed to mechanical stimulation gained 0.2% (± 0.7) BMD (P<0.01). In contrast, women in the placebo group with a high BMD did not show any change in bone mineral over the 12-month treatment period, and the active group had no significant effect of treatment. These human results are consistent with data from this mouse study; people with a genetically low bone mass have the largest potential to increase BMD through interventions.
The specific mechanical signal(s) to which bone tissue is sensitive are unknown, although there is general agreement that osteogenesis is influenced by peak mechanical strain (normalized deformation) magnitudes produced in the tissue, either directly by cell-matrix interactions or indirectly by byproducts of mechanical strain, such as fluid flow. The magnitude of the exogenous stimulus in this study was defined by the magnitude of the sinusoidal vibration, allowing for self-normalization to body mass. Although the externally applied mechanical signal was similar in all three strains of mice, the differences in trabecular (as well as cortical) bone quantity, geometry, and architecture between the genetically distinct mice possibly transduced the mechanical vibration into tissue level stimuli that differed in peak strain magnitude. At very low frequencies (<5 Hz), peak strain magnitude is correlated with the amount of new bone formation induced by the mechanical intervention (31) . Whether this relationship persists at high frequencies is unclear; however, preliminary unpublished data from our laboratory indicate that doubling the magnitude of the acceleration from 0.25g to 0.5g does not does not produce larger bone formation rates in the proximal rat tibia than 0.25g at either 22.5 Hz, 45 Hz, or 90 Hz. Nevertheless, an interdependence of genetic and mechanical factors (i.e., magnitude of the signal) may exist, even at high frequencies, and we are currently quantifying the mechanical environment of the proximal tibia in these strains of mice. Data from this effort will allow us, in the future, to prescribe mechanical interventions that produce similar mechanical milieu at the tissue, as well as microstructural level, and thus lead to a clear separation between genetic and mechanical factors.
The frequency of the induced mechanical signal was consistent between all strains at 45 Hz, yet the question arises whether our conclusions are limited to this particular mechanical signal or whether an even higher loading frequency would have qualitatively and quantitatively altered the results. An interrelationship among strain frequency, strain magnitude, number of loading cycles, and the ability of the mechanical signal to maintain and promote bone formation has been proposed (32), but these comparisons entailed both high-frequency (>15 Hz) and low-frequency (<15Hz) mechanical signals. Previously, we have applied low-magnitude stimuli at different frequencies in both rats and sheep. In rats, tibial bone formation rates were significantly increased by 97% over a 4-week protocol when a 90 Hz whole-body vibration was applied (0.25 g, 10 min/day, 5 days/wk; 33), whereas this increase was reduced to 67% when the frequency was decreased to 45 Hz (Judex and Rubin, unpublished observations). This increase in boneformation rates with frequency was in contrast to a 1-year study in sheep in which we tested the ability of three different hind-limb vibration frequencies (22.5 Hz, 30 Hz, 90 Hz) to increase BMD in the proximal tibia (0.3 g, 32 min/days, 5 days/wk; 34). Although all three mechanical interventions (32 min/day) increased femoral BMD over the study duration of 2 years, only the increases associated with 22.5 Hz (+7%) and 30 Hz (+5.6%) were statistically significant from age-matched controls; the 90-Hz signal led to a non-significant increase in BMD of 3.5%. Although these preliminary data may infer that an optimal mechanical signal frequency is dependent on the animal model, the question as to whether individual genetic variations within a species also influence efficacy of signal frequency (i.e., whether trabecular bone of C3H mice is responsive at a frequency different from 45 Hz) needs to be addressed in the future.
The timeframe of fluorescent marker administration varied between the three strains of mice because of technical difficulties and, potentially, affected our results. The impact of these variations on dynamic indices of bone formation, however, was likely minimal, as the effects of altered levels to mechanical stimuli can be observed at the tissue level within days (<5 days) of initiation of the stimulus (35) (36) (37) and comparisons were made primarily within strains rather than across strains. Static measures of bone mass and architecture, albeit affected more by the different timeframes and therefore not the primary focus of this study, were included in this study, as the only mice that demonstrated differences in bone fractional volume with mechanical stimulation were the B6, a group that was on the shorter protocol. Furthermore, this large difference in bone volume in B6 mice caused by the 2-week mechanical intervention necessitated the use of BFR/TV, a less common measure of bone formation rates because BFR is not normalized to a bone-specific parameter, such as BS or BV, but to the analysis field. This nonspecific normalization may increase variation in the data, and the usage of this parameter is not preferable when BS can be used as referent (such as in the BALB and C3H strains). Nevertheless, BFR with either BS or TV were qualitatively similar in the latter two strains.
Osteoporotic fractures tend to occur in regions occupied predominantly by trabecular bone, such as the proximal femur, the spine, and the distal radius. This critical association between the loss of trabecular bone and increased fracture rates emphasizes not only the need for treatments that can effectively improve bone quantity and quality in these regions, but also on the influence of genetic variations on the efficacy of anabolic interventions. Two of the strains used in this study (low-density B6 mice and high-density C3H mice) have been subjected previously to either skeletal loading or unloading in cortical bone by applying hyperphysiologic mechanical loads (38, 39) , or sciatic neurectomy (40) . Findings that cortical bone from C3H mice is less responsive to large changes in its mechanical milieu than cortical bone from B6 mice are principally consistent with our data. Taken together, these data suggest that lower-density skeletons are, in fact, more responsive to alterations in physical stimuli and that the sensitivity of trabecular and cortical bone to anabolic and catabolic stimuli appears to be regulated genetically. Our data also suggest that the high normal bone mass of the proximal tibia in C3H mice, compared with the other two strains, is not because of a high sensitivity to mechanical stimuli but because of genetic control of skeletal acquisition during growth.
In summary, our data indicate a genetic basis for the sensitivity of trabecular bone to exogenous mechanical stimuli, whether they are anabolic or catabolic in nature. Taking these findings further, it is reasonable to conclude that genetic variability will influence other systems (e.g., neural, cardiovascular, immune) to be differentially responsive to biochemical or biophysical perturbations. Genetic and molecular studies that identify specific genes responsible for the differential regulation of bone sensitivity to exogenous stimuli would facilitate the development of novel diagnostics to identify those at greatest risk of disease and thus allow therapies to focus on those individuals. Furthermore, therapeutics that take advantage of the responsiveness of the skeleton to exogenous stimuli to effectively protect bone quality and quantity could be designed based on genetic predispositions. Table 1 Body Mass and trabecular structural indices of the different experimental groups used in this study (mean ± SD). 
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